Purpose: We present the first prototype Scintillator High-Gain Avalanche Rushing Photoconductor Active Matrix Flat Panel Imager (SHARP-AMFPI). This detector includes a layer of avalanche amorphous Selenium (a-Se) (HARP) as the photoconductor in an indirect detector to amplify the signal and reduce the effects of electronic noise to obtain quantum noise-limited images for low-dose applications. It is the first time avalanche a-Se has been used in a solid-state imaging device and poses as a possible solution to eliminate the effects of electronic noise, which is crucial for low-dose imaging performance of AMFPI. Methods: We successfully deposited a solid-state HARP structure onto a 24 9 30 cm 2 array of thin-film transistors (TFT array) with a pixel pitch of 85 lm. The HARP layer consists of 16 lm of a-Se with a hole-blocking and electron-blocking layer to prevent charge injection from the high-voltage bias and pixel electrodes, respectively. An electric field (E Se ) up to 105 V lm À1 was applied across the a-Se layer without breakdown. A 150 lm thick-structured CsI:Tl scintillator was used to form SHARP-AMFPI. The x-ray imaging performance is characterized using a 30 kVp Mo/Mo beam. We evaluate the spatial resolution, noise power, and detective quantum efficiency at zero frequency of the system with and without avalanche gain. The results are analyzed using cascaded linear system model (CLSM). Results: An avalanche gain of 76 AE 5 was measured at E Se = 105 V lm
INTRODUCTION 1.A. Limitations of existing flat-panel imagers at low dose
Active Matrix Flat Panel Imagers (AMFPI) have revolutionized medical imaging due to their high image quality and realtime readout capabilities. 1, 2 In an indirect AMFPI, a scintillator is used to convert x rays to optical photons, which are then detected by an array of pixelated amorphous silicon photodiodes, and generate electron-hole pairs (EHPs). The charge image is read out using an array of amorphous silicon thin-film transistors (TFTs). Indirect detectors are widely used for fluoroscopy and general radiography due to their higher quantum efficiency afforded by the structured Cesium iodide activated with Thallium (herein referred to as CsI) scintillators. Unfortunately, the indirect AMFPI suffers from reduced image performance at low dose. Based on pixel pitch (a p ) and x-ray energy, we consider low dose to be a detector exposure of <0.1 lR for fluoroscopy and <1 mR for mammography. At these exposures, the pixel electronic noise (S n ) degrades image quality. 3, 4 Two solutions have been proposed to overcome the degradation effects of S n while maintaining the use of the TFT array. The first is to reduce S n of the TFT array, and the second is to amplify the signal with photoconductive avalanche gain (g av ).
Active pixel sensor (APS) designs have been proposed as a strategy to reduce S n . These designs incorporate additional transistors at each pixel to reduce the S n by up to a factor of two. [5] [6] [7] [8] However, APS does not completely eliminate the degradation of image quality and adds substantial cost to manufacturing. In this work, we use g av in amorphous selenium (a-Se) to amplify the signal in the photoconductor before charge storage in the pixel capacitor. Avalanche gain potentially overcomes the effects of S n at all spatial frequencies while using identical readout electronics to those used in the existing direct AMFPI. We present the first image sensor to incorporate a solid-state avalanche a-Se layer called HighGain Avalanche Rushing Photoconductor (HARP) as the optical sensing layer in an indirect AMFPI.
1.B. Scintillator high-gain avalanche rushing photoconductor AMFPI
The indirect detector presented in this work is referred to as Scintillator HARP (SHARP)-AMFPI (Fig. 1) . [9] [10] [11] A HARP layer is deposited directly onto a TFT array, and a scintillator is then coupled to the optical HARP structure to complete the indirect detector. Amplification of the photoconductive signal prior to image readout by the TFT array will eliminate the degradation effect of electronic noise for imaging performance at low dose. It has previously been demonstrated that a g av of 10-20 should be sufficient to achieve x-ray quantum noise-limited images for most medical applications. 9 
1.C. Avalanche gain in a-Se
Amorphous materials have the advantage of large area deposition compared to their crystalline counterparts, and the only amorphous semiconductor capable of avalanche gain is a-Se. With an applied electric field in selenium (E Se ) > 70 V lm
À1
, holes undergo impact ionization to produce additional EHPs thereby amplifying the signal. The magnitude of g av is determined by the impact ionization coefficient, a, given by the empirical formula:
The parameters, a 1 and a 2 , are experimentally fitted. The magnitude of g av also depends on the thickness D of a-Se:
To achieve g av = 10 required for medical imaging applications, an E Se of 92 V lm À1 (with D = 15 lm) is needed. To maintain a moderate bias voltage (V b < 3000 V), the thickness of a-Se is generally limited to 8-15 lm but can range from 1 to 30 lm. 13, 14 To maintain E Se = 90 V lm À1 reliably, the a-Se layer must be isolated from the positive and negative bias electrodes by a hole-blocking (n-type semiconductor) and electron-blocking (p-type) layer, respectively, to prevent charge injection. Without blocking layers, dark current increases substantially at high E Se , which would produce Joule heating resulting in crystallization of the a-Se and permanent material damage. 15 This multilayer blocking structure is crucial for practical success of HARP technology with minimal dark current. 16 HARP was first commercialized over two decades ago 17 in a vacuum tube-based optical imaging camera. The sensor was fabricated on an ITO-coated glass substrate utilizing an n-i-p deposition sequence and a scanning electron beam readout with a one inch diameter active area. 18 Solid-state HARP requires the reverse deposition in a p-i-n sequence. This structure is substantially more difficult to fabricate due to the lack of hole-blocking layers with room temperature deposition capabilities. Since only holes undergo avalanche multiplication, the hole injection is far more critical than the electron injection. Materials that require an elevated substrate or curing temperature during deposition will raise the temperature of the a-Se above its glass transition, which leads to recrystallization. As a-Se crystalizes, the band gap decreases and the conductivity increases thereby shorting the HV bias and pixel electrodes. Several attempts have been made to create a solidstate detector using an n-i-p sensor including electroded HARP 19 and a HARP layer coupled to a CMOS sensor through indium bump bonding; 20 however, both methods are impractical for the fabrication of an AMFPI. Recently, we successfully developed the p-i-n HARP structure, which was the first solid-state HARP layer scalable to large area. 21 This p-i-n HARP structure can be deposited directly onto a TFT array to create a highly sensitive optical sensor and SHARP-AMFPI with an optically coupled scintillator (Fig. 1 ).
MATERIALS AND METHODS

2.A. Prototype detector fabrication
Our HARP structure 21 was deposited on to a TFT array with a pixel pitch of 85 lm and a total active area of 24 9 30 cm 2 . The HARP layer structure is shown in Fig. 2(a) and the top view of the detector is shown in Fig. 2(b) . First, a 2 lm thick inorganic electron-blocking layer was thermally deposited directly onto the TFT array. A 16 lm thick layer of intrinsic stabilized a-Se was then deposited followed by a 2 lm thick layer of a wide bandgap organic polymer to act as the hole-blocking layer. The high-voltage (HV) electrode was a thin layer of semitransparent chromium (Cr). Multiple HV electrodes ranging from 1 9 1 cm 2 to 9 9 7 cm 2 were deposited, thereby allowing each region to be tested separately to minimize damage associated with possible breakdown. The entire detector structure was encapsulated with 20 lm of an organic dielectric which improves the detector stability. The SHARP-AMFPI was completed by incorporating a 150 lm structured CsI scintillator with a fiber optic faceplate (FOP) and reflective backing (FOS 150 HL, Hamamatsu Photonics K.K., Shizuoka, Japan). This combination of pixel size and CsI thickness is well suited for breast imaging due to the high-spatial resolution and high detection efficiency of the scintillator. Foam compression was used between the top of the scintillator and the detector housing to improve the optical coupling between the scintillator and HARP layer. The FOP attenuates over 99% of the x rays at mammographic energies; thus, direct x-ray interactions can be neglected. 9 The detector was housed in a standard mammography cassette with a carbon fiber cover. 22 
2.B. SHARP-AMFPI evaluation
The x-ray imaging performance of the SHARP-AMFPI is characterized with an IMS Giotto imaging system using a 30 kVp Mo/Mo x-ray beam (0.47 mm HVL). The bias voltage (V b ) was applied via a HV power supply (PS350, Stanford Research Systems, Sunnyvale, CA, USA) with a 2 MO output resistance in series to minimize ripples in the V b . The integration window was~2 s and the frame rate was 0.2 Hz. For sensitivity measurements, the offset-corrected frame was averaged over a~1 cm 2 area in a region without visible defects. In this first prototype detector, the electron transport through the hole-blocking layer has not yet been optimized. Electrons trapped at the interface between the a-Se and hole-blocking layer could reduce the E se and x-ray sensitivity in subsequent frames, that is, ghosting. 23 Thus, between each measurement, V b was removed and uniform light exposure from a built-in light source behind the TFT array was used to eliminate any trapped charge and its associated ghosting artifacts.
The sensitivity of SHARP-AMFPI as a function of E Se was evaluated. The modulation transfer function (MTF), noise power spectrum (NPS), and detective quantum efficiency (DQE) of the system were measured at E Se = 10 V lm À1 and 90 V lm À1 (g av = 7). E Se = 90 V lm À1 is used since it provides a gain of~10 required by a properly optimized system. The MTF was measured using the slanted edge technique with a tungsten edge. 24 The 2D NPS was calculated using an ROI of 320 9 230 pixels which was limited by the size of the CsI scintillator used. Dead pixels were identified as having a gain value greater than 59 the standard deviation of the mean gain. The maximum number of dead pixels within the ROI is one and four at E Se = 10 and 90 V lm
À1
, respectively. The defective pixels were corrected using the mean of the four neighboring pixels. The offset and gain table were computed using the average of ten frames to reduce additional noise, and they were used to correct the images before calculating sensitivity, MTF, and NPS.
Finally, x-ray images were acquired with the prototype SHARP-AMFPI with and without g av . The first object was a Canadian penny with the heads side removed which allowed for easy visual assessment of image quality. Images were acquired at E Se ranging from 15 to 105 V lm À1 with an exposure of 0.76 mR which is equivalent to 1/15 of the mean detector exposure behind the breast in screening mammography. 25 Then, x-ray images were also acquired at E Se = 105 V lm À1 with exposure levels incrementally reduced to as low as 0.02 mR. The second object was the CIRS BR3D breast-imaging phantom to provide visual comparison of image quality with avalanche gain using a tissuelike phantom. For all images, only an offset correction was performed on each frame (without gain or dead pixel corrections) to demonstrate the uniformity in g av on a pixel by pixel level. 
2.C. Cascaded linear system model (CLSM) for SHARP-AMFPI
A cascaded linear system model (CLSM) was previously developed for SHARP-AMFPI to understand the factors affecting DQE, which is given by:
where T b (f), T c (f), and T a (f) are the MTF of the scintillator, the optical coupling between the scintillator and the HARP, and the pixel aperture function, respectively. The scintillator performance is characterized by its x-ray quantum efficiency (g), the Swank factor A S , and the x ray to optical photon conversion gain g (optical photons/x-ray photon). The optical coupling efficiency between CsI and HARP layer is given by d. The performance of HARP is characterized by its optical quantum efficiency c and the avalanche gain g av . Finally, a p is the pixel aperture and q 0 is the number of x-ray quanta per mm 2 . The electronic noise power density is given by S n (e 2 mm 2 ). The first term in the denominator represents the xray quantum noise. The second term represents the secondary quantum noise, which depends on the characteristics of various gain stages. The final term represents the effect of electronic noise. Optimal performance can be achieved when the first term (x-ray quantum noise) is large with respect to the secondary quantum noise and electronic noise. The secondary quantum noise is negligible when g gdc ≫ 2 and the electronic noise can be neglected if (a p g av ggdc)
2 q 0 ≫ S n ; hence, the effect of electronic noise scales inversely with g av .
2
For this work, the CsI scintillator is modeled to have g = 0.75 and an inherent conversion gain of 15 optical photons/keV. 26 The mean x-ray energy of the incident beam is 18 keV, which leads to an average conversion gain g = 270. The semitransparent Cr HV bias electrodes have d = 0.25. The transparency of the electrode was measured using a UV/ Vis Spectrophotometer (Lambda 950, PerkinElmer, Waltham, MA, USA). The optical quantum efficiency of HARP for green light (emitted from CsI) is c = 0.02 at E Se = 10 V lm À1 and c = 0.28 at E Se = 90 V lm
À1
. This leads to a total x ray to charge conversion gain of 18 EHPs/x ray at E Se = 90 V lm À1 and less than two EHP/x ray at E Se = 10 V lm
. Therefore, we expect the detector performance to have a secondary quantum sink at 10 V lm
. 27 These parameters are summarized in Table I .
RESULTS
3.A. Detector performance characterization
Using optical photons generated from the CsI scintillator (k = 540 nm), the absolute and relative optical sensitivity of the SHARP-AMFPI as a function of E Se is shown in Fig. 3 . Relative sensitivity is normalized to 1 at E Se = 70 V lm À1 to demonstrate the magnitude of g av . The estimated absolute quantum efficiency used for modeling purposes is also shown and has the units of EHP/optical photon. At E Se < 70 V lm
À1
, geminate recombination in a-Se reduces the sensitivity to 0.02 EHP/optical photon (2.0% efficiency) at E Se = 10 V lm
. Neglecting the effects of avalanche gain, the optical quantum efficiency of the absolute sensitivity saturates below 0.45 at high-electric fields for 540 nm light. The monotonically increasing quantum efficiency is a result of the Onsager theory. 28 At E Se > 70 V lm
, impact ionization begins to occur and g av is shown to increase rapidly with E Se , with a maximum value of 76 AE 5 at E Se = 105 V lm
. There is excellent agreement between the avalanche gain in the SHARP-AMFPI prototype detector and the HARP single pixel structure, 29 demonstrating the scalability of solid-state HARP deposition and its compatibility with TFT readout. The stability of the SHARP-AMFPI prototype indicates that there is no damaging E Se edge effect near the TFT pixel electrode edge. Finally, these results validate our choice of p-layer material and thickness to effectively encapsulate the TFT topology.
The linearity of the SHARP-AMFPI detector with and without g av is shown in Fig. 4 on a log- . Saturation of the pixel capacitor from signal and dark current provided the upper limit of the exposure at avalanche fields. Increasing the exposure at low E Se has no merit as it will be shown that the system is limited by secondary quantum noise. Figure 5 shows the measured MTF of the prototype detector for E Se = 10 and 90 V lm À1 (g av = 7). As expected, there is no measurable difference in spatial resolution by the incorporation of g av . The nonavalanche NPS is shown in Fig. 6(a) , where the NPS is largely white and dominated by electronic and secondary quantum noise. The electronic noise component of the NPS is 0.015 ADU 2 mm 2 at all spatial frequencies. X-ray quantum noise is not seen because at E Se = 10 V lm
, the quantum efficiency of HARP for green light is only 0.02, preventing x-ray quantum noise-limited performance even with an exposure as high as 945 mR. This confirms our predicted values of less than two ehp/x-ray photon, wherein secondary quantum noise dominates the NPS. When the HV is increased to achieve g av = 7, the dark NPS has increased to 0.17 ADU 2 mm 2 and remains white as shown in Fig. 6(b) . Additionally, correlated x-ray quantum noise from the scintillator becomes apparent in the NPS.
To understand the effects of the additional dark current noise, we consider DQE(0) for E Se = 10 V lm À1 (g av = 1, c = 0.02) and E Se = 90 (g av = 7, c = 0.28). DQE(0) was calculated by 1/(q*NNPS(0)) where NNPS is the normalized NPS and q is the quanta flux. The DQE(0) measurements were obtained by extrapolating the NNPS to zero frequency to obtain NNPS(0). The measured DQE(0) can be seen in Fig. 7 as a function of exposure. For E Se = 10 V lm À1 , DQE(0) < 0.07 for all exposure levels less than 1000 mR. This is due to secondary quantum sink as a result of poor optical quantum efficiency (c = 0.02). With g av = 7 and a quantum efficiency of 0.28, DQE(0) = 0.52 at 168 mR and decreases to 0.16 at 6.5 mR due to electronic noise. The trend in measured DQE(0) with exposure is in good agreement with theoretical prediction and is discussed in the following section. The fluctuations in the DQE(0) measurement is due to variations in dark current. Normally, the dark current in aSe sensors has an exponential decay with time after the HV is turned on. 30 Due to the 2 s integration window, the dark current (and dark current noise) during x-ray exposure may be different from that during the offset frame acquisition.
3.B. Cascaded linear modeling for SHARP-AMFPI
Using the parameters in Table I and Eq. (3), we model the DQE(0) and compare it to the measured results shown in Fig. 7 . At E Se = 10 V lm
À1
, the quantum efficiency of HARP for green light is 0.02, which leads to a secondary quantum sink and poor DQE(0), even with an exposure as high as 945 mR. From the NPS measurements in Fig. 6(b) , the dark noise increases from 0.018 ADU 2 mm 2 at E Se = 10 V lm À1 to 0.17 ADU 2 mm 2 at E Se = 90 V lm
. As dark current increases at avalanche fields, an additional source of noise must be considered, which is the dark current shot noise. 31 With dark current noise included in the S n term of Eq. (3), the variance is given by: where r TFT is the electronic noise and r dark is given by:
where I d is the injected dark current, I d-measured is the measured dark current after avalanche gain, and T is the integrating window of the detector (2 s) between subsequent readouts. Good agreement is seen in Fig. 7 between the modeled and measured DQE(0) for all exposures when the dark current is modeled at 140 pA cm À2 .
The DQE(0) results demonstrate the possibility of improvement in DQE for a system that is not already x-ray quantum noise limited. The relatively large exposures used in this work are a result of two limitations of our prototype system: (a) the low transparency of the HV electrode and (b) the long integration window, which increases the contribution of dark current noise. Removing these limitations is also modeled in Fig. 7 . The expected improvement is shown when the transparency of the HV electrode is increased from d = 0.25 to d = 0.8. We also model DQE(0) with a shorter integration window (33 ms). This results in lower dark current noise and increases the DQE(0) to its theoretical limit.
3.C. Imaging
X-ray images obtained with the indirect SHARP-AMFPI prototype are shown in Fig. 8 with an average detector exposure of 0.76 mR. The g av associated with the E Se used is summarized in Table II . The difference in image quality between E Se = 15 V lm À1 and E Se = 71 V lm À1 is a result of an increased optical quantum efficiency of HARP for the green light emitted from the CsI. At avalanche fields, there is a substantial improvement in image quality up to E Se = 100 V lm À1 , after which no further improvement is noticeable up to E Se of 105 V lm
À1
. This indicates that the effect of electronic noise is already overcome with g av of~30. The apparent variation in gray level in the background is due to the thickness nonuniformity of the x-ray object, which has over a tenth value difference in attenuation from the thinnest to thickest location. Fig. 9 shows x-ray images acquired with the average detector exposure reduced from 0.24 mR to 0.02 mR while keeping E Se = 105 V lm À1 constant. These lower exposures are well below that expected for SHARP-AMFPI in mammography. The detector exposure is estimated as the average value behind the entire x-ray object. The structural features within the penny can still be seen at exposures as low as 0.02 mR. It is important to note that no image processing has been applied except for an offset subtraction utilizing a dark frame taken immediately before the irradiated frame. As a result, gain variation in the charge amplifiers of the TFT array can be seen in the low-exposure images as vertical lines. Figure 10 demonstrates imaging performance with the CIRS BR3D phantom. Images were acquired with E Se = 10, 80, 90, 100 V lm
. The effects of electronic noise are once again reduced, and image quality continuously improves with E Se through a gain of 30. In addition to improvements in soft tissue contrast, microcalcification beads become clear in the bottom right corner. The cross structure in the images is a result of tiling of the small area CsI scintillator and no gain correction to account for variation in light output.
3.D. Future detector improvements
To improve the DQE(0), either the signal must be increased or S n must be decreased. Due to dark current shot noise and the risk of breakdown with increasing E Se , g av should be the lowest value required to overcome S n . To minimize the required g av and E Se , the optical gain parameters in Table I should be maximized. The optical coupling efficiency is currently limited by the transparency of the HV electrode (d = 0.25). Using a highly transparent HV bias electrode, such as Indium Tin Oxide (ITO) with d > 0.8, the signal can be increased by 320% which will reduce the g av requirements while maintaining the same imaging performance. In turn, this will reduce E Se which will improve detector stability as well as reducing dark current and therefore dark current shot noise. The improvement in DQE(0) with parameters for ITO is shown in Fig. 7 . The dark current noise can also be reduced by decreasing the integration time window. For example, a reduction in the integrating window from 2 s to 0.033 s (typical for real time imaging) increases DQE(0) to near the theoretical limit of the scintillator for all exposures considered. This improvement is shown in Fig. 7 . For an application, such as CBCT where the readout rate is as fast as 100 fps, the effective noise would be even less.
Further improvement in optical gain can be achieved by increasing the intrinsic optical quantum efficiency of a-Se (c) to green light. It has been demonstrated in HARP tube that a layer of tellurium (Te) doped a-Se can increase the optical sensitivity from c = 0.38 to c = 0.72. 32 Under avalanche fields, the optical quantum efficiency for light generated from CsI (540 nm) can be increased by nearly a factor of two which will further improve the DQE of SHARP-AMFPI and allow for measurements at lower exposures. This will also allow the g av and therefore E Se to be reduced, leading to lower dark current and associated noise. An alternative approach is to use a scintillator that emits in the blue wavelength. Currently, the only structured blue scintillator is CsI:Na; however, due to its hydroscopic instabilities, it has not been used in a commercial AMFPI.
Finally, the CsI scintillator must be optimized for specific medical applications in conjunction with the x-ray energy and required spatial resolution. In addition to the FOS used in this work, CsI has also been deposited onto an Al or a-C substrates. Lubinsky et al. have shown through pulse height analysis that the choice of substrates can determine the light output and x-ray photon attenuation as a result of the geometry (e.g., substrate face up or face down). 33 The thickness of CsI has been investigated from 150 to 1000 lm. It has been shown that thicker columnar CsI can provide higher quantum efficiency with minimal penalty on the swank factor. 26 Increasing the thickness of CsI will also reduce the risk of direct interactions in the a-Se. 
CONCLUSION
We present the first prototype large area flat panel detector with avalanche gain. SHARP-AMFPI achieved an optical g av = 76 AE 5 at E Se = 105 V lm
À1
. There is no change in MTF with the inclusion of g av , and spatial resolution is limited by the optical spread in the CsI scintillator. NPS shows the addition of noise associated with dark current which is normally negligible at low field a-Se AMFPIs. A CLSM for indirect detectors was modified to include dark current noise and fit the measured DQE(0) results. It is shown that with improved optical coupling and a shorter integrating window, DQE(0) limited by the x-ray quantum efficiency and Swank factor of the scintillator can be achieved. Nonetheless, we demonstrate the ability of avalanche gain to improve the DQE of a system which is not quantum noise limited. Our future work is to improve the transparency of the HV electrode and reduce the effects of ghosting by improvements in the n-type blocking layer. With further improvement in the HARP structure, frequency-dependent DQE, ghosting, and lag effects can be analyzed.
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